We report on a method for characterizing the tuning capabilities of small-bandwidth external-cavity diode lasers. The step response of a piezo-driven Littman-Metcalf external-cavity diode laser and the compensation of its optoelectromechanical frequency response is investigated. When an approximately 50-V compensated Gaussian pulse is applied to the piezo element, a detuning of 13.6 GHz is observed. This modification of the laser is useful for several spectroscopical applications and as a tunable seed laser for lidar applications.
Introduction
The monitoring of environmental trace gases ͑for example, methane͒ from a vehicle or airborne platform requires a suitable radiation source in the near-IR spectral range that is frequency stable and can be tuned or switched. Lasers have established their remote sensing capability for atmospheric research for many years, as described by Schotland. 1,2 With pulsed lasers, an optical analogue to the well-known radar technique, called lidar, is used, featuring a light-induced detection and ranging means. During beam propagation the light interacts with various molecules and scattering ͑Rayleigh and Raman, etc.͒ occurs into a solid angle. Therefore the propagating beam is attenuated continuously and is described by the extinction or attenuation coefficient. The small amount of the backscattered light is then collected by a telescope and measured with a detector. The timeresolved measured backscattered light intensity provides range information and permits one to retrieve information about the atmospheric composition. A selection of important reports and detailed analysis is given, for example, in the book by Measures. 3 For atmospheric sensing an advanced lidar instrument has been engineered and experimentally validated by Moore et al. 4 However, with respect to the distribution of the absorbing species along the laser beam, only integral information is accumulated in a volume from the start of the pulse to the distant direction of the beam. One must refine the measured data by distinguishing between the extinctions of other absorbing species within the radiated volume. These complications are avoided by transmitting two adjacent wavelengths, on and off , as first described in Ref. 2 . One wavelength is centered on an appropriate absorption line-in our case, on a particular methane absorption line-and the other nonabsorbing wavelength serves as a reference measurement. This technique is called the DIfferential Absorption Lidar ͑DIAL͒ technique, and it is a well-established means for measuring important atmospheric constituents, such as water vapor 5 and ozone. 6 Utilizing the needed two wavelengths, on and off , one can use either two different radiation sources or one source that provides the on-wavelength and allows the off-wavelength to be obtainable by a fast switching means. The latter concept will be discussed in this paper. To provide the relevant DIAL methane detection wavelengths, an injection-seeded Nd:YAG laser is used to pump an optical parametric oscillator ͑OPO͒, which generates the suitable IR wavelengths. Stable operation of the exact wavelength for the experiment requires injection-seeding techniques for the transmitting system. Similar requirements have been discussed and verified for an airborne water vapor measurement system ͑e.g., in Ref. 5͒. Infrared laser sources for injection seeding could be small-bandwidth distributed-feedback diode lasers, featuring fast tuning over a broad frequency region for the establishment of the two wavelengths. However, there is currently a drawback owing to the availability of infrared-emitting semiconductor la-sers, including distributed-feedback lasers. The available emission wavelengths are limited to the communication wavelengths, like 1.3 and 1.5 m. This is why we used a commercial external-cavity diode laser as a seed laser with a large optical detuning and with modulation frequencies in the kilohertz range for our application. As can be expected, such systems show a nonlinear optical-frequency response on the modulation voltage of the piezo element. The laser's tuning behavior on external modulation will be investigated.
Furthermore, a method will be introduced to evaluate the frequency response of this optomechanical system. A means is described to compensate for the nonlinear frequency response to become fairly linear to provide tuning over 13.6 GHz. The designed compensation circuit allows optical frequency tuning to be proportional to the modulation voltage.
Measurements, Discussion and Compensation
For our planned methane leak-detection system a suitable transmitter has been developed. One required specification was the emission wavelength, which has to match an absorption line of the species. Of the many absorption lines of methane we picked a suitable line in the absorption band around 3.3 m ͑HITRAN database͒. The spectral width of the line is of the order of 0.5-0.7 cm
Ϫ1
. Both the wavelength and the linewidth can be realized with an OPO. To obtain the wavelength we used a diode-pumped injection-seeded Nd:YAG laser for pumping a KTP OPO in a ring-cavity configuration generating the signal and the idler wave. The pump laser ͑ROFIN-SINAR͒ delivers double pulses with 15-mJ pulse energy, 13-ns duration, 220-s separation time between the pulses, and a repetition rate of 100 Hz. One pulse of each pair is used for pumping the on-line pulse, and the other one acts as the off-line pulse. Frequency stable operation of the OPO idler wave, which corresponds to the methane absorption line, is maintained by injection seeding the OPO signal wave with an external-cavity diode laser. We used a commercial unit ͑New Focus, Vortex 6031͒ based on the Littman-Metcalf design, 7,8 utilizing a diffraction grating at grazing incidence for wavelength selection. The cavity end mirror reflects the first-order diffraction of the grating to provide feedback. To tune the laser, we turn the end mirror by a piezo. The laser operates at a 1585-nm wavelength with a bandwidth smaller than 300 kHz, delivers a sufficient output power of 6 mW for injection seeding, and can be tuned in a range up to 30 GHz with an specified input frequency range from dc-3.5 kHz.
For characterization of this seed laser, a fast sensitive method is required. If we consider a small bandwidth laser source with a frequency the relative transmission T F ͑␦͒͞T max ͑the ratio of the transmission T F and the maximum transmission T max ͒ through a Fabry-Perot-Etalon with a free spectral range ͑FSR͒ is described by the Airy function 9
where ␦ ϭ 2͞FSR is the phase difference between the different orders of reflection. Ᏺ ϭ ͌ F͞2 is the finesse of the Fabry-Perot-Etalon, which depends on the reflectivity R of the etalon. For small phase differences ␦ an approximation can be obtained by replacing sin͑␦͞2͒ Ϸ ␦͞2:
The F dependency of this equation will be canceled by substituting x ϭ ␦ ͌ F. The resulting equation is
By developing a Taylor series expansion around the point of inflection ͑ x ϭ Ϯ2͞ ͌ 3͒, we get a linear approximation
with an error of third order, which is sufficient for measurement purposes. The linear part of the etalon's transmission peak allows the detection of optical-frequency changes. If there is no intensity change in front of the etalon, the intensity change behind the etalon can be interpreted directly as a frequency change. The linearized relative transmission region where the error is smaller than 5% is given by the normalized phase shift region x ʦ ͓Ϯ1.94 . . . Ϯ 0.51͔ for reflectivities R larger than 0.5, corresponding to the frequency region of 1.45 FSR͞ ͑4Ᏺ͒ and a relative transmission region of 0.5 Ͻ T F ͞ T max Ͻ 0.95. For observation of a large frequency region an etalon with a large FSR and a small finesse Ᏺ is most suitable since it has the largest possible linear part of the normalized transmission peak. Figure 1 shows three Airy functions for different reflectivities and the linear approximation. As can be seen with a smaller reflectivity the linear part of the normalized transmission function is nearly unaffected, provided we consider only reflectivities greater than 0.5. To investigate the fast tuning behavior of the external cavity laser, we measured the step response of the system. Figure 2 shows the optoelectromechanical step response of the New Focus Vortex laser on an arbitrary voltage step of 2.6 V applied to the piezo controlling the wavelength of the external LittmanMetcalf cavity. 7 Considering the above-described linearization method we measured the optical response with an off-the-shelf etalon with 95% reflec-tivity and 4-mm thickness. The etalon was tilted to achieve a smaller finesse to observe a larger detuning. For the calibration of the frequency scale a high finesse scanning Fabry-Perot-interferometer ͑Bur-leigh SA-PLUS-200-15, 2-GHz FSR͒ as a reference was used. This step response can be identified as the motion of a damped spring oscillator, which follows the differential equation
x ϭ ͓ f ͑t͒͞m͔, where x is the displacement ͑which is here proportional to the frequency change of the external cavity laser͒, ␥ is the damping coefficient, 0 is the undamped resonance frequency, and ͓ f ͑t͒͞m͔ is the external acceleration of the system. We deduced for the laser a damping coefficient of 286 s Ϫ1 and a resonance frequency of 5.1 kHz from the measurement ͑Fig. 2͒ by calculating the damped oscillation. These observed oscillations stem from the basic construction of this type of external-cavity laser. The retroreflector is used to control the frequency of the laser and is mounted directly on the piezo. The piezo changes the angle of the retroreflector, which determines the frequency of the laser resonator. To compensate this transient system behavior we designed a simple analog computing network that simulates the differential equation of this system. The compensation of more complicated step responses is described in control theory books. 10, 11 The practical implementation of this circuit and its connection to the transmitter can be seen in Fig. 3 . OP1A and OP1B are inverting differentiators ͑R1 and R3 are for the compensation of the operational amplifier's frequency response 12 ͒. OP1C is an inverting amplifier, and OP1D is an inverting summation amplifier. Assuming that the operational amplifiers are ideal amplifiers, the equation for the transfer function is given by
This transfer function is sufficient to compensate the frequency response of this system, since it is the damped oscillator differential equation neglecting the sign, and so suitable parts will match the compensation purpose. U out is connected to the piezo amplifier of the laser controller, and U in is connected to the test pulse generator. Owing to the nonideal Step response of the investigated Vortex external cavity laser. A 2.6-V step was applied to the laser's piezo. Fig. 3 . Setup of the compensation circuit. The compensation circuit is employed between the waveform and switching driver ͑test pulse generator͒ and the laser's piezo amplifier. The laser is used for injection seeding.
frequency response of the operational amplifiers and the resulting differentiators at high frequencies, this compensation circuit works only for low and medium frequencies. Therefore it should not be checked through a step-response. Because of the steps, far too many high-frequency parts get amplified additionally by the circuit's differentiators. Therefore successful compensation over a broad frequency range was tested through an application of sine waves of different frequencies to the system while the amplitude and phase of the optical response were measured. A fairly linear behavior of the compensated system was observed up to 7 kHz. For practical demonstration a Gaussian pulse was chosen because of its small time-bandwidth product and the possibility to achieve a fast switching time in the range of our pump laser's double-pulse separation time. This is shown in Fig. 4 , indicating the laser's behavior without and with the compensation circuit. The applied test pulse had a FWHM pulse length of 140 s and a voltage amplitude of 100 mV, which was amplified by the laser controller to a 2.5-V pulse on the piezo. The left part of the figure depicts the uncompensated response on the Gaussian pulse, indicating that the frequency parts of the pulse around the mechanical resonance of the system are well amplified. A damped oscillation of the system was observed for several milliseconds after the pulse. In the right part of the figure the influence of the compensation is demonstrated. The compensation attenuates the amplitude of the frequency parts around the resonance and amplifies frequency parts above the resonance frequency, resulting in a nearly perfect compensation.
The pulse amplitude was increased, allowing us to explore the limitations of the compensation circuit. Approaching an amplitude of 2 V on the compensation circuit, which was amplified by the laser controller to an approximately 50-V pulse on the piezo, we observed increased oscillation in optical detuning after the exciting pulse. In Fig. 5 the applied pulse and its achieved detuning of 13.6 GHz within 200 s is shown. We measured the detuning was measured using the linear part of a monochromators ͑HRS 2, Jobin-Yvon͒ transmission by opening the slits to obtain a broad linewidth. Calibration was done with a 2-GHz Burleigh spectrum analyzer. The etalon was not suitable for this measurement because of its fixed set of parameters, which do not allow us to measure a detuning in a linear regime larger than 1.4 GHz. Therefore we used the more flexible transmission slope of a monochromator. The oscillations following the pulse result not only from uncompensated high-frequency parts of the Gaussian pulse but also from harmonics generated in the compensation circuit. The supply voltage limitations were reached by the differentiators, which then started generating harmonics. The also-observable delay between the control voltage and the frequency detuning pulse is caused by the velocity of the mechanical wave in the piezo and the delay times generated by the electronics. However, the realized detuning of 13.6 GHz was sufficient for our application, so it did not seem desirable to employ higher laser detuning amplitudes. Finally, to avoid the risk of damage of the tuning piezo we performed no further experiments at higher amplitudes and frequencies. In addition, we would like to indicate that for measurement and adjustment purposes only small modulation amplitudes should be applied to the piezo.
Conclusions
We described a method for measuring the transient frequency response of external-cavity diode laser systems. For a commercial unit ͑New Focus, Vortex͒ a circuit was designed and tested for compensating the transients, even at resonant modulation frequencies. With an applied Gaussian pulse a fast detuning of 13.6 GHz within 200 s was observed. This achieved detuning is suitable for shifting the wavelength of the system, allowing switching between on and off wavelength as required for DIAL applications. The measurement of the system's frequency response is not limited to the use of an etalon. We would also like to mention that any type of optical transmission filter with a sufficient linear slope could be used to characterize the systems behavior. This work was supported financially by the Ruhrgas AG. We thank T. Schweizer for excellent solder work, A. Fix for discussion, and T. J. Boysen for his computer support.
